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RELATIONS  OF  COMBUSTION  DEAD  TIME  TO  ENGINE  VARIABLES 

FOR  A  20,000-POUND- THRUST  GASEOUS-HYDROGEN  - 

LIQUID-OXYGEN  ROCKET  ENGINE 

By  Daniel  I.  Drain,  Harold  J.  Schum, 
and  Charles  A.  Wasserbauer 


SUMMARY 

An  uncooled  20,000-pound- thrust  gaseous-hydrogen  and  11 quid- oxygen 
rocket  engine  was  experimentally  investigated  over  a  range  of  chamber 
pressure  from  45  to  500  pounds  per  square  inch  absolute  and  over  a 
range  of  oxidant-fuel  ratio  from  2  to  7.  Combustion  dead  times  (i.e., 
the  time  lag  for  a  change  in  the  oxygen  dome  pressure  to  be  observed  in 
the  combustion-chamber  pressure  as  the  oxygen  flow  rate  is  abruptly  de¬ 
creased)  were  measured  and  were  calculated  from  chamber-pressure  fre¬ 
quency  measurements  for  assumed  combustion  models.  One  model  considered 
the  dead  time  to  be  equal  to  the  inverse  of  twice  the  observed  chamber- 
pressure  frequency.  The  second  model  considered  the  same  mathematical 
expression  with  the  measured  frequencies  adjusted  to  compensate  for 
chamber-pressure  dynamics  in  terms  of  gas  residence  time.  All  dead 
times  were  correlated  to  engine  operating  variables,  and  it  was  found 
that  dead  time  decreased  with  increasing  chamber  pressure  at  constant 
oxidant-fuel  ratio  or  liquid-oxygen  injection  velocity.  Correspond¬ 
ingly,  the  dead  time  decreased  with  decreasing  oxidant-fuel  ratio  at 
constant  chamber  pressure  or  oxygen  injection  velocity.  Close  agreement 
was  obtained  between  measured  dead  times  and  those  calculated  from  fre¬ 
quency  measurements  corrected  for  engine  dynamics,  indicating  that  com¬ 
bustion  dead  time,  for  control  purposes,  can  adequately  be  determined 
from  chamber-pressure  frequency  measurements. 


INTRODUCTION 

Combustion- chamber  dynamics  are  of  importance  to  liquid- propellant 
rocket-engine  designers  mainly  because  of  the  destruction  often  attend¬ 
ing  combustion  instability  and  other  vibrations.  In  addition,  with  the 
current  interest  in  space  travel,  a  more  thorough  knowledge  of 
combustion-chamber  dynamics  is  needed  for  engine  control  that  will  meet 
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the  strict  trajectory  requirements.  An  important  factor  affecting 
combusti on- chamber  dynamics  is  the  time  lag  that  exists  between  propel¬ 
lant  injection  and  combustion.  Numerous  theoretical  studies  of  combus¬ 
tion  dynamics  have  been  made  in  which  this  time  lag,  the  dead  time,  was 
considered  to  be  dependent  upon  rocket-engine  operating  parameters.  In 
reference  1,  dead  time  is  related  to  chamber  pressure,  while  in  refer¬ 
ence  2  it  is  related  to  injection  velocity  as  well. 

The  purpose  of  this  investigation  was  to  determine  experimentally 
the  relation  of  dead  time  to  the  operating  parameters  of  an  uncooled 
hydrogen- oxygen  rocket  engine  of  the  20,000-pound-thrust  class.  Combus¬ 
tion  dead  times  were  measured  by  abruptly  decreasing  the  oxygen  flow  rate 
with  a  fast-acting  valve  located  in  the  oxygen  supply  line  just  upstream 
of  the  injector  dome  and  noting  the  subsequent  change  in  chamber  pres¬ 
sure.  In  addition,  dominant  chamber-pressure  frequencies  were  used  to 
calculate  approximate  dead  times  corresponding  to  two  different  engine 
dynamic  combustion  models,  and  these  dead  times  are  compared  with  the 
measured  dead  times. 

The  injector  was  of  the  showerhead  square-pattern  variety.  Gaseous 
hydrogen  was  supplied  at  room  temperature,  and  oxygen  was  supplied  as  a 
liquid  at  about  -320°  P.  Tests  were  made  over  a  range  of  chamber  pres¬ 
sures  from  45  to  300  pounds  per  square  inch  absolute,  and  over  a  range 
of  oxidant-fuel  ratios  varying  from  approximately  2  to  7. 


SYMBOLS 


A,B,  .  «  «  F 

fc 

^o 

G 

H 

K1'K2'K3 

o/f 

Pc 

*c 

TC 


exponents 

calculated  combustion  frequency,  cps 
measured  combustion  frequency,  cps 
function 
function 

proportionality  constants,  dimensions  as  required 
oxidant-fuel  ratio 

combustion-chamber  pressure,  lb/sq  In.  abs 
combustion-chamber  gas  constant,  ft/°R 
combustion-chamber  gas  temperature,  °R 
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V0  combustion- chamber  volume,  cu  ft 

vL0X  oxygen  injection  velocity,  ft/sec 

wt  total  propellant  weight  flow,  lb/sec 

eg  gas  residence  time,  sec 

ac  calculated  combustion  dead  time,  corrected  for  combus¬ 

tion  dynamics  in  terms  of  gas  residence  time,  mill! sec 

°V  calculated  combustion  dead  time  from  measured  frequency 

data,  millisec 

ao  measured  combustion  dead  time,  millisec 

<P  phase  shift,  deg 

'|f>'J'l>if'2>4'3  functions  of  time 


APPARATUS 

Engine 


A  diagram  of  the  engine  used  in  this  investigation  is  presented  in 
figure  1.  The  engine  was  fabricated  from  l/2-inch-thick  carbon  steel 
and  is  uncooled.  The  chamber  and  the  exhaust  nozzle  are  coated  with 
Rokide  to  minimize  overheating  damage.  The  engine  is  designed  to  pro¬ 
duce  20/000  pounds  of  thrust  at  a  chamber  pressure  of  300  pounds  per 
square  inch  absolute  with  sca-level  nozzle  expansion. 


Injector 

A  drawing  of  the  injector  is  presented  in  figure  2,  showing  the 
orientation,  the  number,  and  the  diameters  of  the  fuel  and  oxidant  in¬ 
jection  orifices.  The  supplemental  fuel  holes  located  around  the  pe¬ 
riphery  of  the  basic  square  pattern  minimize  the  nonuniformity  of  the 
low  caused  by  the  segments  formed  by  the  outermost  rows  of  holes  and 
prevent  the  oxygen  from  spraying  on  the  engine  walls.  Fuel  holes  at 
ohe  outer  lip  of  the  injector  faceplate  provide  film-cooling  on  the 
chamber  walls  during  engine  operation.  The  faceplate  is  concave,  having 
been  machined  to  a  20.0-inch  radius;  the  fuel  and  oxidant  Jets  are  lo¬ 
cally  perpendicular  to  the  injector  face,  whereas  the  cooling  holes  are 
arranged  for  axial  discharge. 
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The  fuel  and  oxidant  flow  through  the  injector  can  be  noted  from 
figure  2.  The  oxidant  is  supplied  to  the  injector  dome,  passed  directly 
through  the  oxygen  injection  tubes,  and  discharged  into  the  combustion  ' 
hamber.  Fuel  enters  the  injector  at  the  outer  periphery  from  a  sepa¬ 
rate  toroidal-shaped  collector  and  flows  around  the  oxygen  injection 
tubes  and  through  a  distribution  plate  before  ejecting  into  the  combus¬ 
tion  chamber. 


Flow-Disturbance  Device 

The  flow-disturbance  device,  hereinafter  referred  to  as  the 
"thumper,"  is  a  rapidly  actuated  valve  that  provides  an  oxygen  flow  area 
decrease  of  about  20  percent.  The  desired  valve  closure  time  was  esti¬ 
mated  to  be  0.05  millisecond,  since  the  minimum  dead  time  for  this  en¬ 
gine  was  estimated  to  be  0.5  millisecond.  A  closure  time  somewhat 
faster  than  0.05  millisecond  was  obtained  with  the  thumper  (patent  ap¬ 
plied  for  and  information  available  from  NASA  Lewis  Research  Center). 

An  illustration  of  the  thumper  and  its  components  is  presented  in 
figure  3;  a  schematic  drawing  of  the  unit  is  given  in  figure  4  to  show  the 
principles  of  operation.  Oxygen  flow  is  distributed  through  five  ports, 
one  of  which  is  suddenly  closed.  Each  of  the  ports  has  provisions  for 
installing  variable-sized  orifice  plates  to  accommodate  the  entire  oxygen 
flow  range  investigated.  Flew  through  the  center  port  passes  around  a 
necked-dcvn  portion  of  a  piston,  so  that,  when  the  piston  travels,  the 
shaft  will  close  the  port  and  thereby  decrease  the  flow  rate.  The  piston 
is  retained  in  the  cocked  position  by  a  ball- release  mechanism  (see  fig. 
4),  in  which  eight  steel  balls  are  located  in  a  groove  in  the  piston  and 
held  by  a  rotating  ring  with  eight  holes.  The  back  side  of  the  piston 
is  pressurized  with  gaseous  nitrogen.  Wien  the  ring  is  rotated  to  aline 
its  eight  holes  with  the  balls,  the  piston  is  released.  The  same  nitro¬ 
gen  gas  used  to  pressurize  the  piston  is  used  as  a  cushion  to  brake  the 
piston  movement  at  the  end  of  its  intended  travel. 

Figure  5  shows  the  thumper  assembly  bolted  to  the  injector  dome, 
which  in  turn  is  bolted  to  the  rocket  engine  on  the  thrust-measuring 
stand. 


Test  Facility 

The  test  cell,  the  propellant  systems,  ar.i  the  exhaust  system  are 
described  in  detail  in  reference  3.  Liquid  oxygen  was  supplied  to  the 
engine  from  the  propellant  tank  by  a  helium  pressure  system.  The  entire 
oxygen  supply  line,  up  to  the  thumper,  is  immersed  in  an  open  liquid- 
nitrogen  trough  to  ensure  a  uniform  oxidant  temperature  through  the  sys¬ 
tem.  Gaseous  hydrogen  was  supplied  to  the  engine  at  room  temperature 
from  a  manifolded  bank  of  high-pressure  cylinders. 


JS-.Lkt>9 


5 


Instrumentation 

Oxygen  flow  rate  was  metered  with  a  calibrated  Venturi  flowmeter 
located  in  the  oxygen  supply  tank.  Gaseous  hydrogen  flow  was  measured 
with  a  calibrated  ASME  flat-plate  orifice.  Corresponding  pressure  drops 
for  both  the  oxidant-  and  the  fuel-flow  rates  were  recorded  on  self¬ 
balancing  calibrated  potentiometers.  Oxidant  flowmeter  temperature  was 
measured  with  a  platinum-coil  resistor}  the  corresponding  fuel  tempera¬ 
ture  was  measured  with  an  iron-constantan  thermocouple.  These  tempera¬ 
ture  measurements  were  also  recorded  on  potentiometers. 

The  steady-state  chamber-pressure  measurement  was  made  with  a  low- 
response  strain-gage-type  transducer  from  a  static-pressure  tap  located 
on  the  injector  face.  Two  pressure-measuring  sites  are  provided  on 
both  the  injector  dome  and  the  combustion  chamber  in  order  to  obtain 
the  dynamic-pressure  readings  from  which  dead  time  is  estimated  directly. 
The  measuring  sites  on  the  oxygen  dome  are  located  near  each  other  and 

on  a  radius  about  3i  inches  from  the  engine  centerline.  The  measuring 

sites  on  the  combustion  chamber  are  located  about  4  inches  downstream  of 
the  injector  face  90°  apart.  Commercial  high-frequency-response  pres¬ 
sure  transducers  are  mounted  at  each  of  the  four  sites.  The  pressure- 
sensitive  faces  of  the  two  transducers  on  the  dome  are  located  flush 
with  the  inside  surface  of  the  dome.  One  of  the  chamber-pressure  trans¬ 
ducers  is  installed  flush  with  the  Rokide  coating  of  the  combustion 
chamber.  The  pressure-sensitive  face  of  the  second  chamber-pressure 
transducer  is  located  in  a  hole  3/16  inch  from  the  inside  chamber  wall. 
The  diameter  of  this  hole  immediately  reduces  to  l/lO  inch  (see  fig.  1) 
and  constitutes  the  pressure  tap.  The  acoustical  resonance  of  this  con¬ 
figuration  is  calculated  to  be  about  8000  cycles  per  second,  which  is 
well  above  the  1500-cycle- per-second  maximum  frequency  expected  in  the 
combustor.  Comparison  of  chamber-pressure  traces  from  the  two  trans¬ 
ducer  installations  for  the  initial  tests  indicated  no  differences.  Ac¬ 
cordingly,  in  subsequent  tests  the  recessed  configuration  was  used  for 
both  chamber-pressure  transducers,  thereby  considerably  reducing  the 
transducer  cooling  requirements. 

Data  from  these  four  transducers  were  recorded  on  magnetic  tape 
using  an  FM  carrier.  The  data  were  then  played  back  at  reduced  tape 
speed  into  matched  recording  galvanometer  channels.  Filtering  of  40 
decibels  per  decade  for  recorded  frequencies  greater  than  2000  cps  was 
used  in  each  channel  to  reduce  the  noise  level.  In  addition  to  playing 
the  data  from  the  tape  into  recording  galvanometers,  the  chamber-pressure 
data  were  also  played  at  the  recorded  speed  directly  into  a  Bxftel-KJoer 
•  frequency  spectrum  analyser,  and  the  dominant  chamber-pressure  frequen¬ 

cies  were  thus  obtained. 
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PROCEDURE 

Because  the  rocket  engine  was  uncooled,  test  runs  were  limited  to 
approximately  4  seconds.  Stable  rocket-engine  operating  conditions  were 
attained  about  l/2  second  after  engine  start.  Midway  in  the  stable  por¬ 
tion  of  each  run,  the  thumper  was  actuated,  thereby  reducing  the  oxygen 
flow  by  about  20  percent.  This  operation  produced  effectively  two  sets 
of  data  for  each  engine  run,  because  the  oxygen-fuel  ratio,  and  hence 
engine  operating  conditions,  are  changed  from  the  pre-thump  to  the  post- 
thump  portions  of  the  run. 

Test  points  were  selected  to  cover  a  range  of  oxidant-fuel  ratios 
from  2  to  7  at  various  chamber  pressures  ranging  from  45  to  300  pounds 
per  square  inch  absolute. 

The  pressure  traces  for  a  representative  run  (Pc  *  62.2  lb/sq  in. 
abs)  are  shown  in  figure  6.  Two  chamber-pressure  traces  and  one  oxygen- 
dome  pressure  trace  are  indicated.  The  second  dome  pressure  trace  was 
not  recorded  because  of  malfunction  of  the  transducer.  Each  major  time 
division  on  figure  6  represents  l/80  second;  and  each  subdivision  of 
time  represents  1/800  second,  or  1.25  mi] ii seconds.  Combustion  dead  time 
is  defined  herein  as  the  elapsed  time  for  a  perturbation  in  the  dome 
pressure  to  be  observed  in  the  combustion-chamber  pressure  as  the  oxygen 
flow  is  decreased  by  the  thumper.  For  the  traces  shown  in  figure  6,  it 
appears  that  the  dome  pr"asure  perturbation  occurs  at  point  A,  and  the 
chamber  pressure  responds  at  either  point  B  or  C,  depending  on  the  ob¬ 
server's  opinion.  The  dead  time  for  this  run,  then,  can  be  construed  as 
being  somewhere  between  1.75  and  2.25  milliseconds.  Three  observers  in¬ 
dependently  read  each  data  point}  and,  where  differences  of  opinion  re¬ 
sulted,  the  range  of  dead-time  readings  is  presented  in  table  1  and  on 
the  dead-time  data  plots. 


RESULTS  AND  DISCUSSION 

Steadi-state  experimental  values  of  chamber  pressure,  propellant 
mass-flow  rates,  and  the  attendant  oxygen-fuel  ratios  are  presented  for 
all  data  points  in  table  I.  Also  included  in  the  table  are  chamber- 
pressure  frequency'  and  oscillation  amplitude  data,  as  veil  as  the  ob¬ 
served  combustion  dead-time  data,  when  measurable.  These  measured  dead 
times  are  plotted  in  figure  7  as  a  function  of  the  chamber  pressure,  the 
number  in  the  symbols  indicating  the  corresponding  data  point  listed  in 
table  I.  The  measured  combustion  dead  times  ranged  from  a  minimum  of 
0.?S  millisecond  to  a  maximum  of  2.25  milliseconds,  with  a  general  and 
broad  trend  of  decreasing  dead  time  with  increasing  chamber  pressure. 

The  spread  of  dead-time  data  for  a  constant  chamber  pressure  indi¬ 
cates  that  some  engine  variable  (or  variables)  other  than  chamber 
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pressure  affects  the  combustion  dead  time.  In  addition  to  analyzing 
these  dead-time  data  for  trends  with  other  engine  parameters,  the 
chamber-pressure  frequency  data  were  studied,  the  object  being  to  relate 
the  two  sets  of  data.  If  a  relation  can  be  establish**-!,  then  combustion 
dead  times  can  be  obtained  with  a  comousti on- chamber  pressure  transducer, 
rather  than  by  resorting  to  complex  equipment  such  as  used  herein. 


Chamber-pressure  frequency  measurements  were  one  of  the  more  pre¬ 
cise  measurements  obtained  in  the  present  investigation.  More  frequency 
data  were  obtained  than  dead- time  data  because  (l)  not  a1 i  runs  produced 
a  measurable  dead  time,  and  (2)  two  sets  of  frequency  data  were  obtained 
ttwi.  rat.  (i.c,  pi e-  tu.i  puSt -otup) .  Tnu  measured  frequencies  are 
presented  in  table  I  and  are  plotted  in  figure  8  as  functions  of  chan&er 
pressure.  Again  the  numbers  within  the  symbols  correspond  to  the  data 
points  listed  in  table  I.  Figure  8  shows  that  the  observed  frequencies 
*o  rtaiged  Jrom  2-t  tu  TW,  cycles  pel  second,  wild*  a  broad  trend  oi  in¬ 
creasing  frequency  with  increasing  chamber  pressure.  As  was  found  for 
the  measured  dead-time  data  of  figure  7,  the  frequency  data  of  figure  8 
indicate  that  other  engine  parameters  must  be  considered  to  account  for 
the  data  band. 


Data  for  the  plots  of  either  time  variable  (a0  or  f0)  as  a  func¬ 
tion  of  chamber  pressure  (figs.  7  and  8)  were  obtained  over  a  range  of 
oxidant-fuol  ratio  and  therefore  a  range  of  propellant  injection  veloc¬ 
ities.  Most  theorists  concur  that  combustion  dead  time  may  be  related 
co  propellant  injection  velocities  through  propellant  drop  sizes,  evapo¬ 
ration  rates,  and  chemical  kinetics.  Because  gaseous  hydrogen  was  used 
in  the  experiments,  combustion  dead  time  would  logically  depend  upon  the 
oxygen  vaporization  process.  Hence,  the  oxygen  velocity  v^q^  and  the 
oxidant-fuel  ratio  were  investigated  along  with  the  chamber  pressure  to 
explain  the  broad  trends  of  the  data  exhibited  in  figures  7  and  8.  The 
combustion  dead  time  and/or  the  observed  frequency  can,  then,  be  con¬ 
sidered  as  x'unctions  of  these  three  parameters,  and  an  equation  can  be 
written  symbolically  as  follows: 


i’  *  0(Pe,  Vj£x>  0/f) 


(1) 


Any  two  of  the  three  functional  variables  on  the  right  side  of  equation 
(l)  are  independent,  the  third  being  dependent.  Equation  (l)  can  then 
be  written  in  terms  of  independent  variables  to  produce  the  following 
set  of  three  equations: 


H* 

It 

& 

a# 

e 

(2) 

*2  -  H2(Pc,  O/F) 

(3) 

♦3  *  h3^vL0X* 

(i) 
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For  data  analysis  purposes,  these  time  functions  were  considered 
to  be  the  product  of  the  dependent  variables,  each  raised  to  an  exponent. 
The  preceding  equations  are  respectively  rewritten,  then,  as  follows: 


+1  =  Ki^lox 

(5) 

'h  =  k2p£(0/f)d 

(6) 

*3  =  K3W°/'F)F 

(7) 

The  exponents  and  constants  for  these  equations  were  determined  by  a 
least-squares  curve  fit  by  using  the  arithmetical  mean  of  the  dead  times 
for  the  data  points  of  figure  7  along  with  the  associated  values  of 
chamber  pressure,  oxygen  injection  velocity,  and  0/F  from  table  I.  As 
a  result,  the  following  set  of  three  equations  was  evolved: 


oQ  =  0.05272  P;1*930^45 

(6) 

a 0  =  0.004000  P‘°'4,  °(0/f)°’57C 

0) 

cQ  «.  0.001818  v^440(0/F)°'709 

do) 

From  these  equations,  lines  of  constant  values  of 

vL0X  and  °/p 

were  computed  and  are  shown  in  figure  9.  This  figure  shews  that  meas¬ 
ured  dead  time  decreased  with  increasing  chamber  pressure  at  constant 
cxidan  -fuel  ratio  or  liquid-oxygen  injection  velocity.  It  also  shows 
that  she  dead  ‘.’me  decreased  with  decreasing  o/F  at  constant  chamber 

pressure  or  oxygen  injection  velocity. 

From  che  root-mean-square  data  calculations,  deviation  values  of 
+1.31  and  -0.C9  were  obtained,  meaning  that  <’8  percent  of  the  measured 
dead-time  data  points  lie  within  a  range  of  ±31  percent  of  their  calcu¬ 
lated  values.  An  iterative  least-squares  process,  using  either  the  min¬ 
imum,  the  maximum,  or  the  mean  measured  dead-time  vaJue  for  each  data 
point,  will  halve  this  deviation.  However,  the  resultant  equations  were 
not  significantly  altered.  The  deviation  can  be  attributed  to  both  the 
experimental  accuracy  I*  obtaining  direct  dead-time  measurements  from 
pressure  traces  and  to  the  inherent  difficulty  of  metering  the  liquid- 
ox;,  gen  flow  rate. 

In  order  to  obtain  scene  characteristic  dead  time  from  frequency 
measurements,  a  combustion  model  must  be  assumed.  Although  many  models 
were  investigated,  the  details  of  two  will  be  presented,  one  in  which 
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the  dead  time  is  considered  to  be  equal  to  the  inverse  of  twice  the  ob¬ 
served  chamber-pressure  frequency  (ap  =  l/2f0),  and  the  second  in  which 
combustion-chamber  gas  dynamics  were  accounted  for  by  appropriate  modi¬ 
fications  to  the  observed  frequencies.  If,  for  the  second  model,  the 
chamber  pressure  is  assumed  to  be  uniforai  at  any  instant  of  time,  then 
the  response  of  the  chamber  pressure  following  the  dead  time  can  be 
characterized  as  a  first-order  lag  system  with  a  time  constant  equal  to 
the  gas  residence  time  3g.  To  cause  sustained  oscillation  in  a  linear 
system  that  has  a  feedback  proportional  to  the  output,  the  system  must 
cause  its  output  signal  to  be  out  of  phase  (180°)  with  its  input  signal. 
The  source  of  this  phase  shift  is  the  sum  of  the  phase  shifts  of  each 
time-dependent  element  in  the  system.  The  combust ion- chamber- pres sure 
phase  shift  ©  at  any'  frequency  is  due  to  the  first-order  system  time 
dependency  of  chamber  pressure  and  can  be  calculated  as  follows  (ref.  4): 

cp  =  tan"12jtf0@g  (11) 


wher-t 
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Theoretical  values  of  Rc  and  Tc  for  each  experimental  data  point 
tabulated  in  table  I  were  obtained  with  use  of  reference  5. 


By  inserting  the  experimentally  measured  chamber-pressure  frequency 
f0  into  equation  (ll)  and  subtracting  this  amount  of  phase  shift  from 
the  total  phase  shift  (180°),  a  calculated  frequency  fc,  chargeable  to 
combustion  dead  time,  can  be  computed  as  follows: 


fe 


ISO  . 
180  -  cp  Ic 


(13) 


This  calculated  frequency  is  the  frequency  at  which  the  linearized  engine 
model  will  sustain  oscillation  if  the  180°  phase  shift  is  chargeable 
solely  to  the  dead  time.  Values  for  dead  time  corrected  for  chamber 
dynamics  cc  can  then  be  computed  by  using  the  mathematical  relation 
between  dead  time  and  frequency,  *  l/2fc.  Computed  values  of  cc 
and  Of  are  tabulated  In  table  I. " 

The  frequency  data  for  he  two  combustion  models  were  individually 
applied  in  least-squares  fits  to  the  basic  time-dependent  equations  (5), 
(6),  and  (7),  and  the  constants  and  exponents  were  determined,  Iflhe  re¬ 
sulting  equations  were  then  converted  in  terms  of  appropriate  dead  times 
by  the  aforementioned  mathematical  relation.  With  the  first  model,  the 
following  set  of  three  equations  results: 


t=  •  ■=  fc-_  -•  *L  5 


t»  ^('.’I*  *J$fat4  ti  •?*H*  * 
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n  A  AA  X7A.  o-l*640  1.184 

°f  =  °‘ 04374  Pc  vLOX 

(14) 

1 

-  _— 0. 424,  ,  . 0. 372 

Of  =  0.005640  Pc  (0/F) 

(15) 

fti 

1 

-  -0.412.  ,, 0.489 

(Jj,  =  0.002794  V (0/F) 

(IS) 

I 

w 

€■: 

The  corresponding  equations  for  the  second  model  are 

ac  -  0.05376  P;1,745v^xU4 

(17) 

oc  =  0.006662  p‘0,509(o/F)0,381 

(18) 

ac  =  0.002875  v£^494(o/F)°’521 

(19) 

The  statistical  deviations  for  the  preceding  six  equations  were  on 
the  order  of  ±10  percent,  indicating  a  better  data  accuracy  than  ob¬ 
served  for  the  measured  dead-time  data  a0.  However,  about  three  times 
as  many  frequency  data  points  were  available  for  analysis  as  were  meas¬ 
ured  dead  times. 

To  compare  the  dead-time  results  obtained  from  the  two  combustion 
models  with  those  obtained  for  the  measured  dead  times,  grid  lines  of 
constant  values  for  v^y  and  0/F  were  established  from  the  appro¬ 
priate  sets  of  equations.  Intersecting  grids  were  again  obtained,  sim¬ 
ilar  to  those  shown  in  figure  9.  Although  these  grids  are  not  shown  in 
their  entirety,  the  parallelogram  shapes,  obtained  from  the  experimental 
limits  of  Vjjqx  and  100  ft/sec)  and  0/F  (2  and  7),  are  presented  in 

figure  10,  along  with  the  corresponding  limits  for  the  measured  dead¬ 
time  data.  It  can  be  noted  that  reasonable  agreement,  particularly  in 
the  low-chamber-pressure  regime,  existed  between  the  measured  dead  time 
(o0)  and  the  dead  time  calculated  directly  from  frequency  data  (af, 
model  l).  When  combustion-chamber  gas  dynamics  were  accounted  for  in  the 
determination  of  dead  time  through  frequency  data  (ac,  model  2),  good 
agreement  with  the  measured  dead- time  data  was  obtained  over  the  entire 
range  of  chamber  pressures  investigated.  This  degree  of  correlation  can 
also  be  noted  by  comparing  the  calculated  with  the  measured  dead-time 
values,  all  of  which  are  listed  in  table  I. 

From  the  comparisons  of  figure  10,  it  can  be  concluded  that  the  com¬ 
bustion  dead  time,  for  control  purposes,  can  adequately  be  approximated 
from  chamber- pressure  frequency  measurements.  Best  agreement  of  fre¬ 
quency  data  with  measured  dead-tine  data  was  obtained  when  combustion- 
chamber  gas  residence  time  was  taken  into  account. 
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Because  dead  time  was  found  to  be  affected  by  chamber  pressure  and 
oxygen  injection  velocity,  perhaps  more  sophisticated  combustion  models, 
such  as  discussed  in  references  1,  2,  and  6,  might  have  been  investi¬ 
gated.  These  models,  however,  involve  more  complex  computations,  and 
require  inclusion  of  feed-system  characteristics,  pressure  drops,  pres¬ 
sure  levels,  and  other  considerations.  It  is  felt  that  utilization  of 
the  more  sophisticated  models  is  unwarranted  in  view  of  the  degree  of 
correlation  obtained  with  the  relatively  simple  model  where  combustion- 
chamber  gas  dynamics  were  compensated  for  in  the  frequency  measurements. 


SUMMARY  OF  RESULTS 

Experiments  were  conducted  on  an  uncooled  20,000-pound-thrust 
gaseuus-hydrogen  and  liquid-oxygen  rocket  engine  over  a  range  of  chamber 
pressure  from  45  to  300  pounds  per  square  inch  absolute  and  oxidant-fuel 
ratio  from  2  to  7.  Combustion  dead  times  were  measured  and  compared 
with  dead  times  calculated  from  frequency  data  for  two  assumed  combus¬ 
tion  models.  The  following  results  were  obtained: 

1.  Measured  combustion  dead  time  decreased  with  increasing  chamber 
pressure  at  constant  oxidant-fuel  ratio  or  liquid-oxygen  injection  veloc¬ 
ity.  This  dead  time  also  decreased  with  oxidant-fuel  ratio  at  constant 
chamber  pressure  or  oxygen  injection  velocity. 

2.  For  the  engine  model  where  combustion  dead  time  was  considered 
to  be  the  inverse  of  twice  the  measured  chamber-pressure  frequency,  only 
a  fair  agreement  with  the  measured  dead  time  was  obtained  over  the 
range  of  engine  variables  investigated. 

3.  When  the  measured  chamber-pressure  frequencies  were  corrected 
for  gas-dynamics  effects  in  terms  of  the  gas  residence  time,  close  agree¬ 
ment  with  the  measured  dead  times  was  obtained  over  the  entire  range  of 
variables  investigated. 


CONCLUSION 

The  combustion  dead  time,  as  required  for  control  purposes,  can 
either  be  measured  directly  or  can  be  closely  approximated  from  chamber- 
pressure  frequency  measurements,  if  these  measurements  are  corrected 
for  engine  dynamics  in  terms  of  the  gas  residence  time. 
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Figure  6.  -  Pressure  traces  for  representative  step  disturbance  (data  point  9) 


Figure  9.  -  Measured  combustion  dead  time  as  function  of 
chamber  pressure  with  lines  of  oxygen  injection  velocity 
and  oxidant-fuel  ratio  calculated  from  equations  (8)  to 
flO) . 
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